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Chapter 3 – Water in high-mass star-forming region with Herschel/HIFI

Abstract
Context. The study of massive stars and their formation is important for under-
standing the interstellar energy budget and the galactic environment. The high
spectral resolving power and large wavelength coverage of Herschel/HIFI enable
us to observe cold and hot water, a sensitive tracer of physics and chemistry in
massive star-forming regions, providing us with an opportunity to gain insight
into the high-mass star-formation process.
Aims. We investigate the water abundances and kinematics toward high-mass
star-forming regions at different evolutionary stages using water as our tracer.
Methods. We analyze the emission and absorption of H2O and its isotopologues
H2

18O and H2
17O towards eight high-mass star-forming regions in various evo-

lutionary stages observed with Herschel/HIFI. We use a Monte Carlo radiative
transfer code RATRAN to estimate the molecular abundances in the inner and
outer envelopes of these regions and the expansion and turbulent velocities for
each source.
Results. TheHerschel/HIFI observations ofH2O toward eight high-mass star- form-
ing regions showmix of strong emission and absorption in the ground-state levels
of H2

16O, and strong emission in the excited-state levels of H2
16O. Weaker emis-

sion is detected in H2
18O and H2

17O lines. We find ortho-to-para ratios (OPR) of
water are consistent with the high-temperature limit for the absorbing outflow
components, and for the foreground clouds, OPR values are consistent with the
lower temperature. The derived excitation temperature is ∼56 K and the column
density is ∼1015 cm−2 for the envelope of W3 IRS5, suggesting the envelope of W3
IRS5 is warmer than AFGL2501 (Choi et al. 2015). We find abundances of ∼10−8–
10−9 for the outer envelope (T < 100 K) and ∼10−4–10−5 for the inner envelope (T
> 100 K). Expansion velocities range from 1.0 km s−1 to 1.5 km s−1 and turbulent
velocities from 2.0 km s−1 to 2.5 km s−1.
Conclusions. TheH2Oabundance for the inner envelope and kinematic parameters
(expansion and turbulent velocities) of the sources do not show clear trends with
protostellar luminosity L, envelope mass M, or evolutionary indicator M/L, while
the H2O abundances for the outer envelope may have trends with protostellar lu-
minosity Lbol, envelope mass Menv, or evolutionary indicator Menv/Lbol. The H2O
abundances in the outer envelope of the younger objects are higher than those of
the more evolved one.
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3.1 Introduction

3.1 Introduction
Massive stars and their formation play an important role in the cycle of matter
in the interstellar medium. Massive stars form quickly and rapidly eject material
such as hydrogen, helium and some heavy elements into their surrounding envi-
ronment. This contributes to the energy budget of star-forming galaxies. How-
ever, the formation of high-mass stars is not well understood for several reasons:
they are rare (according to the initial mass function), their evolutionary time-
scales are short (∼105 yr), they are formed in highly embedded clusters (AV > 100
mag), and they are far from Earth (d ≥ 1 kpc). Detailed overviews of high-mass
star formation can be found in Beuther et al. (2007a), Zinnecker & Yorke (2007),
and Tan et al. (2014).

Although it is difficult to observe high-mass star-forming regions, recent ob-
servational results enable us to classify the evolution of high-mass stars into sev-
eral phases. The earliest stage is the massive pre-stellar core (MPSC, or high-mass
starless core), where there is a core with a local minimum temperature and a local
maximumdensitywithinmolecular clumps. Through observations,MPSCs show
large column densities and low temperatures, but there is no outflow or maser ac-
tivity. Infrared dark clouds (IRDCs), which are cold and dense clouds seen in
extinction against the bright mid-infrared emission from the Galactic plane, are
included in this type of object. The next stage is the high-mass protostellar object
(HMPO), where the central star is surrounded by a massive envelope with a peak
temperature and density. HMPOs are characterized by active star formation with
outflows and/or masers. The hot molecular core (HMC) is the next evolution-
ary phase, which has a high temperature (T>100 K), a high density (>107 cm3),
and a size of >0.1 pc. They have large abundances of complex organic molecules
evaporated from dust grains (Herbst & van Dishoeck 2009). The final stage is the
ultracompactHII region (UCHII), which is a region surrounded by a large amount
of ionized gas from newly formed massive stars. UCHII sources have sizes of ≤
0.1 pc and densities of ≥ 104 cm−3 (Churchwell 2002, Hoare et al. 2007).

Water is a cornerstone molecule for studying star-forming regions and proto-
planetary systems because the water abundance shows large variations depend-
ing on the regionswherewater forms. The formation and destruction of thewater
molecule in the interstellar medium can be described by three different types of
chemical mechanisms (see van Dishoeck et al. 2013, for a review). In cold molecu-
lar clouds, water can be formed via dissociative recombination reactions of H3O+

through ion-molecule chemistry. Thewatermolecule is destroyed by the reactions
of ions and by photodissociation. At gas-phase temperatures higher than 300 K,
the neutral-neutral reactions dominate. O andOH react with H2, and these chem-
ical reactions drive all gas-phase oxygen into water. The back reactions also occur
andwater goes back to oxygen if the H/H2 ratio in the gas is high. On the surfaces
of cold dust grains, the reactions of O and H atoms can lead to the formation of
water ice. When the grains are heated to ∼ 100 K by protostellar radiation, the wa-
ter ice evaporates from the grain surfaces. The water ice returns to the gas phase
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Chapter 3 – Water in high-mass star-forming region with Herschel/HIFI

through photodesorption via UV photons at dust temperatures below ∼ 100 K, or
through sputtering by shocks.

The Infrared Space Observatory (ISO) with the Short and Long Wavelength
Spectrometers (SWS and LWS), and the Submillimeter Wave Astronomy Satellite
(SWAS) enabled us to observe the gas-phase H2O lines and study water abun-
dances in high-mass protostars. Boonman & van Dishoeck (2003) presented the
ν2 ro-vibrational band around 6 µm of gas-phase H2O toward the massive pro-
tostars observed with ISO-SWS. They found excitation temperatures of ≥ 250 K
and gas-phase H2O abundances of ∼ 5× 10−6–6× 10−5 in the warm gas. Boonman
et al. (2003) investigated a detailed model of gas-phase H2O toward the massive
star-forming regions, and their models indicated that freeze-out in the cold outer
envelope is important to explain the observed spectra obtained with ISO-SWS,
ISO-LWS, and SWAS.

Interstellar water has been studied with ground-based telescopes focusing on
observations of H2O maser emission at 22 GHz, 183 GHz, or 325 GHz (e.g. Che-
ung et al. 1969, Waters et al. 1980, Menten et al. 1990). The H2

18O 312–220 line
at 203 GHz is the only thermal water line that can be observed from the ground
(Phillips et al. 1978, Jacq et al. 1988). Single-dish and interferometric observations
of the H2

18O line were used for studying variations in the water abundance of the
envelopes of high-mass protostars. The observed water emission likely originates
in the envelope; the H2O abundance is low in the outer part of the envelope and
it jumps up in the inner warm region by sublimation from the grain surfaces (van
der Tak et al. 2006).

The Herschel Space Observatory (Pilbratt et al. 2010) and the Heterodyne In-
strument for the Far-Infrared (HIFI; de Graauw et al. 2010), a high-resolution het-
erodyne spectrometer onboard Herschel, provide a unique opportunity for study-
ing the physics and chemistry of water in star-forming regions. The high spectral
resolution of HIFI allows us to estimate the excitation conditions of H2O in differ-
ent physical regions such as the outflow and the envelope with velocity-resolved
spectral data. HIFI can observe over a wide range in wavelengths and this makes
it possible to observe multiple rotational transitions of H2O and its isotopologues
from low to high energy levels .

The guaranteed-time key program “Water In Star-forming regions with Her-
schel" (WISH; van Dishoeck et al. 2011) probes the physical and chemical condi-
tions in star-forming regions including various sources in different evolutionary
stages with different masses and different luminosities.

WISH uses theHIFI and PACS (Poglitsch et al. 2010) instruments for observing
H2O and chemically related species such as OH, CO and high-J 13CO.

Observations of multiple transitions of water and its isotopologues with HIFI
and radiative transfer models indicate that the water abundances are ∼ 5×10−10 −

4×10−8 towardmassive star-forming regions (Chavarría et al. 2010, Marseille et al.
2010, Herpin et al. 2012). San José-García et al. (2013) present the Herschel/HIFI
spectra of high-J CO, 13CO, and C18O for embedded protostars from low to high
mass. Their results show that the widths of C18O 9–8 line increase with protostel-
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3.2 Observations & Sources

lar mass and the high-J CO transitions have a strong linear correlation between
the logarithms of the line and bolometric luminosities, suggesting that these lines
can be used as a dense gas tracer.

We investigate the water abundances and kinematics in the various physical
components of high-mass star-forming regions as a step towards understanding
the process of high-mass star formation using the water lines obtained by Her-
schel/HIFIwithmuch higher spatial and spectral resolution and higher sensitivity
than any previous data. Our observations are summarized in Section 3.2. In Sec-
tion 3.3 we present the observational results. Section 3.4 presents the analysis of
physical conditions using our observational data, and radiative transfer modeling
is presented in Section 3.5. Finally, we discuss our results in Section 3.6.

3.2 Observations & Sources
Water lines (see Table 3.1) were observed with HIFI at frequencies between 547
and 1670GHz towards the high-mass star-forming regions as part of theWISHkey
project. We used spectra taken from the correlator-based high-resolution spec-
trometer (HRS) and the acousto-optical wide-band spectrometer (WBS) with a
1.1 MHz resolution with horizontal (H) and vertical (V) polarizations. The ob-
servations were conducted using the double beam switch (DBS) observing mode
with a throw of 3′. The spectra presented here are averages of the H and V polar-
izations. Currently, the flux-scale accuracy is estimated to be about 10% for bands
1 and 2, 15% for bands 3 and 4, and 20% in bands 6 and 7 (Roelfsema et al. 2012).
We used the latest beam efficiency determinations from October 2014a to convert
TA to Tmb. Table 1 lists the frequencies, energy of the upper levels, HIFI band, the
beam size and efficiency for each of the lines. Figure 1 shows the water energy
diagram with the HIFI transitions observed in WISH indicated. It covers the dif-
ferent energy levels from the ground-state to excited-state levels and includes the
isotopologues H2

17O and H2
18O. The calibration of the data was performed in the

Herschel interactive processing environment (HIPE; Ott 2010) version 8.0. The re-
sulting Level 2 double sideband (DSB) spectra were exported to FITS format for
subsequent data reduction and analysis using the IRAM GILDASb package.

a http://herschel.esac.esa.int/twiki/pub/Sandbox/TestHifiInfoPage/
b http://www.iram.fr/IRAMFR/GILDAS/
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Figure 3.1 – Energy level diagram for ortho- and para-H2O, with HIFI transitions observed
inWISH indicated. The transitions are labeled with the frequency (in GHz) of H2

16O (red),
H2

18O (blue), and H2
17O (green).

Table 3.1 – Herschel/HIFI observed water lines.

Molecule Transition ν Eup HIFI Beam ηmb
(GHz) (K) band (′′)

o-H2
18Oa 110–101 547.676 60.5 1a 37.8 0.62

o-H2
17O 110–101 552.020 61.0 1a 37.8 0.62

o-H2Oa 110–101 556.936 61.0 1a 37.1 0.62
p-H2O 211–202 752.033 136.9 2b 28.0 0.64
p-H2O 202–111 987.926 100.8 4a 21.3 0.63
p-H2

18O 202–111 994.675 100.8 4a 21.1 0.63
o-H2

18O 312–303 1095.627 249.4 4b 19.9 0.63
o-H2O 312–303 1097.365 249.4 4b 19.9 0.63
p-H2

18O 111–000 1101.698 53.4 4b 19.9 0.63
p-H2

17O 111–000 1107.166 53.4 4b 19.9 0.63
p-H2O 111–000 1113.343 53.4 4b 19.7 0.63
o-H2O 221–212 1661.007 194.1 6b 12.7 0.58
o-H2

17O 212–101 1662.464 113.6 6b 12.7 0.58
o-H2O 212–101 1669.904 114.4 6b 12.6 0.58

Notes. (a) This line was mapped in OTF mode.
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O
bservations&

Sources

Table 3.2 – Source sample.

Source R.A. (J2000.0) Decl. VLSR Lbol d Menv
a Ref.

(h m s) (◦ ′ ′′) (km s−1) (L�) (kpc) (M�)
mid-IR-bright HMPOs
W3 IRS5 02 25 40.6 +62 05 51 -38.4 1.7×105 2.0 424 1, 2
IRAS 18089-1732 18 11 51.5 -17 31 29 +33.8 1.3×104 2.3 172 3, 4
W33A 18 14 39.1 -17 52 07 +37.5 4.4×104 2.4 700 3, 5
IRAS 18151-1208 18 17 58.0 -12 07 27 +32.0 2.0×104 2.9 153 6, 6
AFGL 2591 20 29 24.7 +40 11 19 -5.5 2.2×105 3.3 373 7, 8
Hot Molecular Cores/Ultracompact HII Regions
G29.96-0.02 18 46 03.8 -02 39 22 +98.7 3.5×105 6.0 768 9, 10
G31.41+0.31 18 47 34.3 -01 12 46 +98.8 2.3×105 7.9 2968 11, 12
NGC 7538-IRS1 23 13 45.3 +61 28 10 -57.4 1.3×105 2.7 433 13, 14

Notes. The first reference is for the luminosity, the second for the distance.
(a) van der Tak et al. (2013a)
References. (1) Ladd et al. (1993); (2) Hachisuka et al. (2006); (3) Faúndez et al. (2004); (4) Xu et al. (2011); (5) Immer et al. (2013); (6)
Sridharan et al. (2002); (7) van der Tak et al. (1999); (8) Rygl et al. (2012); (9) Cesaroni et al. (1998); (10) Pratap et al. (1999); (11) Mueller
et al. (2002); (12) Churchwell et al. (1990); (13) Sandell & Sievers (2004); (14) Moscadelli et al. (2009)
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Chapter 3 – Water in high-mass star-forming region with Herschel/HIFI

The WISH program contains 19 high-mass young stellar objects covering a
range of luminosities and evolutionary stages. We present here five high-mass
protostellar objects (W3 IRS5, IRAS18089-1732,W33A, IRAS18151-1208, andAFGL2591)
and three hotmolecular cores/ultracompactHII regions (G29.96-0.02, G31.41+0.31,
and NGC 7538 IRS1). Their coordinates, source velocities, luminosities, distances,
and envelope masses are listed in Table 3.3.

W3 IRS5 is a bright infrared source located in the active star-forming region
W3 in the Perseus arm (Hachisuka et al. 2006). The weak radio emission (Wilson
et al. 2003, van der Tak et al. 2005) indicates that W3 IRS5 is an early stages of
evolution. Near-IR observations with high resolution show a cluster in W3 IRS5
with two sources, which are identified as the bright millimeter sources MM1 and
MM2, separated by ∼1′′.

IRAS18089-1732 is a high-mass protostellar object. The single-dish millime-
ter continuum observations reveal a gas mass of 2000 M�, and H2O and Class
II CH3OH maser emission, as well as a weak centimeter continuum source, have
been detected at the core center.

The high-mass protostar W33A shows weak, compact, and optically thick ra-
dio continuum emission (Rengarajan &Ho 1996, van der Tak &Menten 2005) and
broad (∼100 km s−1), single-peakedHI recombination emission consistent with an
ionized stellar wind origin (Bunn et al. 1995).

A high-mass protostar, IRAS18151-1208, contains two well-defined and colli-
mated outflows. This object is associatedwith high-velocityCOemission (Beuther
et al. 2002a) as well as CH3OH and H2Omaser emission (Beuther et al. 2002b).

AFGL2591 is a well-studied high-mass protostellar object. The source is one
of the rare cases of a massive star-forming region that is relatively isolated. The
temperature and density structure of the protostellar envelope was modeled by
van der Tak et al. (1999). Our Herschel/HIFI observations of H2O lines toward
this source were presented by Choi et al. (2015) (see Chapter 2).

Observations toward G29.96-0.02 and G31.41+0.31 show these regions as hot
molecular cores combined with ultracompact HII regions. Many complex molec-
ular species were detected in these regions (e.g. Cesaroni et al. 1998, Olmi et al.
2003, Beuther et al. 2007b). NGC7538 IRS1 is known to be an ultracompact HII re-
gion as well as a bright mid-IR object. This source is associated with circumstellar
dust (De Buizer & Minier 2005) and drives a well-collimated north-south bipolar
ionized jet (Sandell & Sievers 2004). Based on their stronger radio emission and
rich submm spectra, we regard these 3 sources as more evolved than the other 5,
as also suggested by their mass-luminosity ratios and other indicators (van der
Tak et al. 2013a).

3.3 Results
The HIFI spectra show strong emission and absorption in the H2

16O lines, and
weaker emission in H2

18O and H2
17O lines toward eight high-mass star-forming
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regions. The line profiles differ considerably between the ground-state levels of
H2O, its excited levels, and its isotopologues. Our results are consistent with van
der Tak et al. (2013a).

Hereafter, we use W3 IRS5 as an example. We present complete observational
results (14 water lines) toward this source in this paper (see Fig. 3.2). Spectra
toward the other sources are presented in Fig. 3.A.1–3.A.9, except AFGL 2591 for
which the spectra are shown in Choi et al. (2015) (Chapter 3).

3.3.1 Ground-state lines of H2
16O at 1113, 557, and 1670 GHz

The three ground-state lines of the main isotopologue (p-H2
16O 111–000, o-H2

16O
110–101, o-H2

16O 212–101) exhibit a mix of emission and absorption with similar
positions and shapes, indicating different physical regions (Fig. 2). Wehere divide
the line profiles of H2

16O into three physical components: an envelope, an outflow
and a foreground cloud. Here the outflowmeans shocks along the outflow cavity
wall. Our decomposition is consistent with van der Tak et al. (2013a) who present
details of low-−J H2O (p-H2O 111–000 1113 GHz, p-H2O 202–111 988 GHz, and o-
H2O 212–101 1670GHz) andH2

18O (p-H2
18O 111–000 1101GHz) line profiles toward

19 high-mass star-forming regions.
A broad and asymmetric absorption component at the source velocity seems

to be related to the protostellar envelope, since its central velocity and width are
consistent with those of dense gas tracers observed from the ground. For most of
our sources, the envelope component appears in absorption in all three ground-
state lines, suggesting that the cold outer envelope dominates the profile. The
only exception is AFGL 2591, where the envelope component appears in emission,
indicating that the warm inner envelope contributes substantially.

For the outflow component, the H2O line profiles show two components for
W3 IRS5: a broad emission component (VLSR ' −37km s−1, ∆V∼20 km s−1) and
a blueshifted narrow absorption component (VLSR∼ −42 km s−1, ∆V∼3 km s−1).
The outflow component of six sources (IRAS 18089-1732,W33A, IRAS 18151-1208,
G29.96-0.02, G31.41+0.31, and NGC 7538 IRS1) appear in a broad emission com-
ponent (∆V∼15–20 km s−1) and a narrow absorption component (∆V∼3–5 km s−1),
which are similar to W3 IRS5. Again, AFGL 2591 is the exception, where the out-
flowappears as a single blueshifted broad absorption (VLSR∼ −10 kms−1,∆V∼15 kms−1).

The ground-state lines of H2O show evidence for a foreground cloud toward
W3 IRS5, which is detected as a redshifted narrow absorption component (at
VLSR=−20 km s−1, ∆V∼1 km s−1). This component is seen only in the ground-
state lines of H2O, indicating cold gas. Foreground clouds are seen in a narrow
absorption in the ground-state lines of H2

16O for all our sources (van der Tak et al.
2013a). An exception is NGC7538 IRS1. This source lies in the outer Galaxy and
a broad absorption component at the source velocity is likely related to the enve-
lope/outflow of the source.
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3.3
Results

Table 3.3 – Line parameters towards W3 IRS5

Molecule Transition
∫

TMBdV VLSR ∆V TMB rmsa Tcont

(K km s−1) (km s−1) (km s−1) (K) (mK) (K)
o-H2

18O 110–101 2.51 (0.15) -36.85 (0.24) 8.48 (0.66) 0.28 0.35 0.09
o-H2

17O 110–101 1.52 (0.09) -38.21 (0.20) 6.81 (0.44) 0.21 0.35 0.04
o-H2Ob 110–101 – -39.21 (0.06) 3.38 (0.03) – 1.01 0.35

– -20.06 (0.04) 0.64 (0.05) –
p-H2O 211–202 52.11 (0.31) -39.99 (0.01) 30.15 (0.21) 1.62 0.20 0.14

34.28 (0.19) -37.69 (0.01) 5.75 (0.03) 5.60
p-H2O 202–111 75.15 (0.39) -37.81 (0.05) 23.98 (0.17) 2.94 0.10 0.09

22.12 (0.25) -36.52 (0.01) 3.91 (0.04) 5.31
p-H2

18O 202–111 7.43 (0.09) -38.66 (0.04) 7.52 (0.11) 0.93 1.75 0.05
o-H2

18O 312–303 8.82 (0.05) -39.26 (0.02) 7.55 (0.06) 1.10 2.50 0.08
o-H2O 312–303 52.14 (0.28) -37.34 (0.04) 24.19 (0.16) 2.02 2.50 0.05

29.18 0.23) -37.45 (0.01) 5.59 (0.03) 4.90
p-H2

18O 111–000 5.19 (0.07) -36.07 (0.05) 9.31 (0.18) 0.52 2.35 0.02
p-H2

17O 111–000 2.78 (0.06) -37.30 (0.08) 8.56 (0.20) 0.31 2.50 0.04
p-H2Ob 111–000 – -39.05 (0.06) 3.80 (0.06) – 2.50 0.03

– -20.88 (0.06) 0.80 (0.06) –
o-H2Ob 221–212 – -39.51 (0.06) 3.34 (0.16) – 6.50 0.15
o-H2

17O 212–101 5.80 (0.23) -36.69 (0.15) 8.47 (0.46) 0.64 6.50 0.15
o-H2Ob 212–101 – -39.09 (0.07) 4.20 (0.06) – 6.50 0.15

– -20.71 (0.06) 0.78 (0.05) –

Notes. (a) The rms is the noise at a given spectral resolution δv = 1.1 MHz.
(b) absorption line
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3.3.2 Excited-state lines of H2
16O at 988, 752, and 1097 GHz

The three excited-state lines of H2
16O (p-H2

16O 202–111, p-H2
16O 211–202, and o-

H2
16O 312–303) appear in emission and show two velocity components. The com-

ponents have Gaussian shapes, one beingwider (∆V=23–24 km s−1) than the other
(∆V=5–6 km s−1). We assume that the broad component is due to the high-velocity
outflow known to exist in W3 IRS5 (Rodón et al. 2008). The narrow component is
probably associated with the protostellar envelope, as its position and width are
similar to the corresponding feature in the ground-state lines. The p-H2

16O 202–
111 line shows a self-absorption feature located at the source velocity. All seven
other sources (IRAS18089-1732, W33A, IRAS18151-1208, AFGL2591, G29.96-0.02,
G31.41+0.31, and NGC 7538 IRS1) have similar line profiles to W3 IRS5, consist-
ing of narrow (∆V=3–7 km s−1) and broad (∆V=15–25 km s−1) emission associated
with the envelope and the outflow, respectively.

3.3.3 Excited-state line of o-H2
16O at 1661 GHz

On the ortho side of the water energy diagram, the first excited transition is o-
H2

16O 221–212 at 1661 GHz. This transition is detected with a combination of ab-
sorption and emission, in a similar manner to the ground-state H2O lines. The
velocity of the absorption is similar to the value seen in the ground-state lines, sug-
gesting that it is due to the envelope. The o-H2

16O line at 1661 GHz toward four
sources (IRAS18089-1732, W33A, G29.96-0.02, G31.41+0.31) also show the similar
line profiles to the ground-state H2O lines.

However, this o-H2
16O line shows adifferent behavior compared to the ground-

stateH2O lines towardAFGL259, NGC7538 IRS1, and IRAS18151-1208. ForAFGL2591,
this transition is detected only in emission while the ground-state lines of H2O
show a mix of absorption and emission. For NGC7538 IRS1, the o-H2

16O line at
1661 GHz shows emission, while the the ground-state lines of H2O show absorp-
tion. The ground-state lines of H2O show emission toward IRAS18151-1208, but
the o-H2

16O line at 1661 GHz is not detected.

3.3.4 Water isotopologues: H2
17O and H2

18O
The lines of H2

18O and H2
17O appear mainly in emission, similar to the three

excited states of H2
16O (p-H2

16O 202–111, p-H2
16O 211–202, and o-H2

16O 312–303).
The line profiles show broad and narrow emission components related to the out-
flow and the envelope, respectively. Three sources (W33A, IRAS18089-1732, and
G31.41+0.31) show absorption in the ground-state lines of H2

18O and H2
17O. This

is probably related to the envelope.
The extracted line parameters by fitting Gaussians are presented in Table 3.2.

For the emission features, the excited-state lines of H2O (p-H2O 202–111, p-H2O
211–202, and o-H2O 312–303) are fittedwith twovelocity components. For theH2

17O
and H2

18O lines, some sources clearly show two components, while other sources
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showone component, perhaps because the signal-to-noise ratio is not good enough.
In these cases we assume that this line has one component only.

3.4 Analysis
Before presentingdetailedmodels of gas dynamics from line profiles in Section 3.5,
this section gives estimates of theH2Ocolumndensities in absorption components
(Section 3.4.1) and rotation temperatures and column densities from rotation dia-
grams using emission components (Section 3.4.2).

3.4.1 Opacities
We calculate the optical depths and column densities using absorption compo-
nents seen in the ground-state lines of H2O (p-H2O 111–000, o-H2O 212–101, o-H2O
110–101). To derive the optical depth from the line-to-continuum ratio, we assume
that: 1) the sideband gain ratio is unity and that the continuum completely covers
the absorption line; 2) the excitation temperature is negligible with respect to the
continuum temperature.

We derive the optical depth using the following equation:

τ = −ln
(

Tline

Tcont

)
, (3.1)

where Tline is the intensity at the absorption dip with continuum and Tcont is the
single side band (SSB) continuum intensity. A linear baseline fit is applied to the
vicinity of the absorption line for deriving the continuum intensity at the absorp-
tion peak.

Assuming that all water molecules are in the ortho and para ground states, the
velocity-integrated absorption is related to the molecular column density by

N =
8πν3gl

c3Agu

∫
τdV , (3.2)

where N is the column density, ν the frequency, c the speed of light, and τ the opti-
cal depth. A stands for the Einstein-A coefficient and gl and gu are the degeneracy
of lower and upper levels of the transition, respectively.

The ortho-to-para ratio (OPR) of H2O is sometimes used to probe its formation
mechanism, as this ratio is expected to be ∼1 at low temperatures (∼15 K), rising
to 3 at T > 40 K (Mumma et al. 1987). Since inelastic collisions cannot change the
OPR, its value may be used to distinguish gas-phase from grain-surface forma-
tion (e.g., Choi et al. 2014 = Chapter 4). However, it is unclear whether the OPR
is preserved upon desorption of the ice mantle via either thermal or non-thermal
processes (van Dishoeck et al. 2013, Tielens 2013). For the absorbing outflow com-
ponents, our OPR values are consistent with the high-T limit, probably because
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the gas is heated by shocks. For the foreground clouds, we find OPR values of
2–3, consistent with the lower temperatures expected for these clouds.

3.4.2 Excitation Conditions
To estimate the column densities and rotation temperatures of water in the enve-
lope for each source, we construct population diagrams for the H2

17O and H2
18O

lines, which take into account the effects of optical depth and non-uniform beam
filling. We define the correction factors of optical depth Cτ (= τ/(1 − e−τ)) and the
beam dilution f (= ∆Ωa/∆Ωs), with Ωs being the size of the emission region and
Ωa the size of the telescope beam (Goldsmith & Langer 1999).

ln
(

Nu

gu

)
= ln

(
Ntot,thin

Q(Trot)

)
−

Eu

kTex
− ln(Cτ) + ln( f ), (3.3)

where Ntot is the total column density and Q(Trot) is the partition function for the
rotation temperature Trot. Nu can be calculated from a set of Ntot,thin, Tex, f and Cτ

for a given upper level. Cτ is a function of Ntot,thin and Tex, while Ntot,thin, Tex and f
are the independent parameters, which we solve for self-consistently.

For the envelope, we use the H2
18O and H2

17O emission lines, but para and
ortho ground-state lines are observed in both H2

18O and H2
17O. They have the

same upper level energy so we choose the para- and ortho-H2
17O lines, which

are optically thin. For AFGL2591 and W3 IRS5, the H2
18O and H2

17O lines show
in emission but five sources (IRAS18089-1732, W33A, G29.96-0.02, G31.41+0.31,
and NGC7538 IRS1) appear in absorption in the ground-state lines of H2

18O and
H2

17O. For IRAS18151-1280, we do not detect the H2
18O and H2

17O lines.
The derived excitation temperature is ∼42 K and the column density is ∼1014

cm−2 for the envelope of AFGL2591 (Choi et al. 2015). For the envelope of W3
IRS5, we find an excitation temperature of ∼56 K and a column density of ∼1015

cm−2, suggesting that the envelope of W3 IRS5 is warmer than that of AFGL2591.

3.5 Modeling
In this section, we present our model for the full line profiles in a single, spheri-
cally symmetric model with different kinematical components due to turbulence
and expansion.

3.5.1 Method
We use the 1D radiative transfer code RATRAN (Hogerheijde & van der Tak 2000)
for modeling the line emission using the envelope temperature and density pro-
files (van der Tak et al. 2013a) derived by the Whitney-Robitaille radiative trans-
fer code (Whitney et al. 2003; Robitaille et al. 2006, 2007). The H2O collisional
rate coefficients (Daniel et al. 2011) are provided at the LAMDA database (Schöier
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et al. 2005). Details of the method are described in Marseille et al. (2008), Chavar-
ría et al. (2010), and Herpin et al. (2012). Our observations show 3 components:
foreground clouds, outflows, and protostellar envelopes. However, the models
presented here are only fitted to the envelope component. We describe the enve-
lope component with three input variables: the water abundance of the inner and
outer envelopes (XH2O), the turbulence velocity (Vtur), and the expansion velocity
(Vexp). Thewidth of the line ismainly determined by the turbulence velocity, while
the line asymmetry is mainly determined by the expansion velocity. The line in-
tensity is fitted by a combination of the abundance and both the turbulence and
expansion velocities. The H2

16O / H2
18O isotope ratios are calculated from the

equation on Wilson & Rood (1994).

H2
16O/H2

18O = (58.8 ± 11.8)RGC + (37.1 ± 82.6). (3.4)

where RGC is the galactrocentric radius. We assume the abundance ratio is 4 for
H2

18 /H2
17O, and adopt 3 for the ortho/para-H2O ratio for all lines and the abun-

dance jumps in the inner envelope at 100 K. Table 4 gives the parameters used in
the models.

Wefirstmodel thewater isotopologue (H2
17OandH2

18O) lines, which are opti-
cally thin. These lines are mostly excited in the outer envelope, while the higher-J
water lines (o-H2O 312–303 and o-H2

18O 312–303) are used for probing the inner
parts of the envelope.

We generate a grid of models for the inner and outer water abundances and
the expansion and turbulent velocities based on previous work (Marseille et al.
2008, Chavarría et al. 2010, Herpin et al. 2012). The model grid has values of the
inner water abundance from 10−6 to 10−4 and values of the outer water abundance
from 10−9 to 5×10−8. For expansion and turbulent velocity, we try values from 1.0
to 3.5 km s−1. Modeled line profiles are compared with observations using the
parameters Σ, ε, and χ2. Σ is the similarity between the observed and the modeled
line profiles by comparing for each channel the observed andmodeled intensities,
ε is the error relative to the intensity andwidth of the line, and χ2 is minimized for
most lines. If we can model the profiles of the rare isotopic lines by minimizing ε
and χ2, and bymaximizing Σ in a grid of values, we can apply the sameparameters
to the main isotopic lines.

3.5.2 Velocity and abundance structure
We adopt a model with constant turbulent and expansion velocity for all sources.
Variations of the turbulent velocity with radius were found by Herpin et al. (2012)
for W43-MM1, but not for other mid-IR-quiet protostars (Herpin et al., in prep.).
Figure 2 shows our best-fit model for W3 IRS5, and Table 4 presents our derived
model parameters for all sources. We find a turbulent velocity of ∼1.0–1.5 km
s−1 and an expansion velocity of 2.0–2.5 km s−1. The derived H2

16O abundance
relative to H2 is 10−5–10−4 in the warm part of the envelopewhere T > 100 K, while
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Figure 3.3 – HIFI spectra of of H2
17O and H2

18O lines (in black) for AFGL2591. The best-fit
model is shown in red. The lower inner water abundance (10−7) is in blue and the higher
inner water abundance (3×10−4) is in light blue.

Figure 3.4 – HIFI spectra of of H2
17O and H2

18O lines (in black) for AFGL2591. The best-
fit model in red. The lower outer water abundance (10−10) is in blue and the higher outer
water abundance (10−7) is in light blue.
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Table 3.4 – Physical parameters derived from the RATRAN models.

Sources X16O/18O
a Xin Xout Vtur (km s−1) Vexp (km s−1)

mid-IR-bright HMPOs
W3 IRS5 624±143 1×10−5 1×10−9 1.0 2.0
IRAS 18089-1732 406±111 2.5×10−4 2×10−8 1.5 2.0
W33A 401±110 5×10−5 5×10−9 1.5 2.0
IRAS18151-1208 374±106 5×10−5 1×10−9 1.0 2.5
AFGL2591 537±129 3×10−5 1×10−9 1.0 2.0
Hot Molecular Cores/Ultracompact HII Regions
G29.96-0.02 306±98 1×10−4 1×10−8 1.5 2.0
G31.41+0.31 303±98 1×10−4 1×10−8 1.5 2.5
NGC7538-IRS1 614±142 5×10−5 1×10−8 1.0 2.0

Notes. (a) The 16O/18O abundance ratios are calculated from the Eq. 5 (Wilson & Rood
1994). We adopt the following abundance ratios for all sources: 4 for 18O/17O and 3 for
ortho/para-H2O.

it is 10−9–10−8 in the outer parts where T < 100 K (see Table 3.4), in agreement with
the values found by Marseille et al. (2010), Chavarría et al. (2010).

The uncertainties of our derived model parameters come from the HIFI inten-
sity calibration of observed lines, the physical limits (the envelope mass, the den-
sity profile, and distance) of the source from 1D SED models, and the parameter
sensitivity of the line. For the kinematic parameters, we estimate an uncertainty
of ≈0.5 kms−1 and refer to Herpin et al. (2012) for details. To estimate the un-
certainty on the derived abundances, Figures 3.3 and 3.4 fit models with lower
and higher inner and outer abundances to rare isotopic lines, and compare these
models to our best-fit model. For AFGL2591, we find an inner water abundance
of 3×10−5 and an outer abundance of 10−9. We apply an additional grid of model
for the inner abundance of 3×10−4 and 10−7 and for the outer abundance of 10−7

and 10−10. The turbulent velocity and the expansion velocity are the same as in the
best-fit model (Vtur=1.0 km s−1 and Vexp=2.0 km s−1). The result shows the addi-
tional model can not reproduce all observed lines and it suggests that our models
work for our sources.

3.6 Discussion & Conclusions
In this section, we discuss our results with regard to the physical conditions found
in each source along the WISH lines of sight.

3.6.1 Chemistry
Our estimated innerwater abundances of∼10−4–10−5 and outerwater abundances
of ∼10−8–10−9 are similar to values found for other high-mass sources (Chavarría
et al. 2010, Marseille et al. 2010). Compared to the massive-star forming region
W43-MM1(Herpin et al. 2012), our outer water abundances are lower, perhaps
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Figure 3.5 – Inner water abundance (Xin) for 5 HMPO (blue), 2 HMC and 1 UCHII (green),
and mid-IR quiet massive protostellar objects (red, Herpin et al. (in prep.)) versus their
L�.
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Figure 3.6 – Outer water abundance (Xout) for 5 HMPO (blue), 2 HMC and 1 UCHII (green),
andmid-IR quiet massive protostellar objects (red, Herpin et al. (in prep.)) versus their L�.
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Figure 3.7 – Inner water abundance (Xin) for 5 HMPO (blue), 2 HMC and 1 UCHII (green),
and mid-IR quiet massive protostellar objects (red, Herpin et al. (in prep.)) versus their
M�.
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Figure 3.8 – Outer water abundance (Xout) for 5 HMPO (blue), 2 HMC and 1 UCHII (green),
andmid-IR quietmassive protostellar objects (red, Herpin et al. (in prep.)) versus their M�.
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Figure 3.9 – Inner water abundance (Xin) for 5 HMPO (blue), 2 HMC and 1 UCHII (green),
and mid-IR quiet massive protostellar objects (red, Herpin et al. (in prep.)) versus their
M�/L�.
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Figure 3.10 –Outerwater abundance (Xout) for 5HMPO (blue), 2HMCand 1UCHII (green),
and mid-IR quiet massive protostellar objects (red, Herpin et al. (in prep.)) versus their
M�/L�.
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because our sources might be in a more evolved stage thanW43-MM1. The water
outer abundance toward the mid-IR quiet sources in the WISH program (Herpin
et al. in prep.) is a few 10−8, while thewater inner abundance is 1.7×10−6–1.4×10−4.
The inner/outer abundances are similar to our results but DR21(OH) shows the
higher outer (1.4×10−7) and lower inner (5×10−6) water abundances compared to
our sources.

We plot the inner and outer water abundances for 8 observed high-mass star
forming regions versus their bolometric luminosity L, their envelopemass M, and
the evolutionary parameter M/L in Figures 5–10. We find that theH2O abundance
for the inner envelope and kinematic parameters (expansion and turbulent ve-
locities) of the sources do not show clear trends with protostellar luminosity L,
envelope mass M, or evolutionary indicator M/L, while the H2O abundances for
the outer envelope may have trends with protostellar luminosity Lbol, envelope
mass Menv, or evolutionary indicator Menv/Lbol. The H2O abundances in the outer
envelope of the younger objects are higher than those of the more evolved one.

3.6.2 Kinematics
We find that turbulent velocity of ∼ 1.0–1.5 km s−1 and expansion velocity of 2.0–
2.5 km s−1. The resultsmay suggest that our sources aremore evolved compared to
W43-MM1 (Herpin et al. 2012). A model of mid-IR quiet sources show the turbu-
lent velocity increases with radius, while one of mid-IR quiet sources, IRAS16272,
is not clear (Herpin et al. in prep.) Ourmodel with the constant turbulent velocity
work well for the envelope component.
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Appendices

3.A Spectra ofH2
16O,H2

17O, andH2
18Olines for high-

mass star-forming regions
In Section 3, we present the spectra of H2

16O, H2
17O, and H2

18O observed with
Herschel/HIFI toward high-mass star-forming regions.
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Figure 3.A.1 – HIFI spectra of of H2
16O, H2

17O, and H2
18O lines (in black) for RIAS18089–

1732.

Figure 3.A.2 – HIFI spectra of of H2
16O, H2

17O, and H2
18O lines (in black) for IRAS18151–

1208.
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Figure 3.A.3 – HIFI spectra of of H2
16O, H2

17O, and H2
18O lines (in black) for W33A.

Figure 3.A.4 – HIFI spectra of of H2
16O lines (in black) for G29.96–0.02.
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Figure 3.A.5 – HIFI spectra of of H2
17O and H2

18O lines (in black) for G29.96–0.02.

Figure 3.A.6 – HIFI spectra of of H2
16O lines (in black) for G31.41+0.31.
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Figure 3.A.7 – HIFI spectra of of H2
17O and H2

18O lines (in black) for G31.41+0.31.

Figure 3.A.8 – HIFI spectra of of H2
16O lines (in black) for NGC7538 IRS1.

69



Chapter 3 – Water in high-mass star-forming region with Herschel/HIFI

Figure 3.A.9 – HIFI spectra of of H2
17O and H2

18O lines (in black) for NGC7538 IRS1.
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3.B Lineparameters for high-mass star-forming regions
In Section 3, we present the extracted line parameters by fitting Gaussians toward
high-mass star-forming regions.
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Table 3.B.1 – Line parameters towards IRAS 18089-1732

Line
∫

TMBdV VLSR ∆V TMB Tcont rms
(K km s−1) (km s−1) (km s−1) (K) (K) (K)

p-H2O 202–111 5.15 (0.39) 33.81 (0.15) 4.98 (0.17) 0.14 0.25 0.09
2.12 (0.25) 32.22 (0.11) 3.91 (0.14) 0.11

p-H2
18O 202–111 3.43 (0.09) 32.66 (0.14) 7.52 (0.11) 0.13 1.75 0.05

o-H2
18O 312–303 2.82 (0.05) 32.26 (0.12) 7.55 (0.03) 0.10 2.00 0.08

o-H2O 312–303 3.14 (0.28) 33.34 (0.04) 6.19 (0.11) 0.12 2.00 0.05
5.18 0.23) 33.55 (0.05) 5.59 (0.08) 0.14

Table 3.B.2 – Line parameters towards IRAS18151-1208

Line
∫

TMBdV VLSR ∆V TMB Tcont rms
(K km s−1) (km s−1) (km s−1) (K) (K) (K)

p-H2O 211–202 6.11 (0.23) 32.99 (0.01) 2.61 ( 0.21) 0.62 0.20 0.10
p-H2O 202–111 7.25 (0.21) 32.81 (0.05) 1.80 (0.13) 0.54 0.10 0.02
o-H2O 312–303 7.19 (0.12) 32.01 (0.04) 3.19 (0.16) 0.52 2.50 0.08
p-H2O 111–000 2.13 (0.30) 32.21 (0.16) 3.80 (0.07) – 0.55 0.03
o-H2O 221–212 5.54 (0.19) 32.91 (0.03) 3.34 (0.13) – 0.51 0.11
o-H2O 212–101 5.11 (0.20)- 32.09 (0.04) 4.20 (0.01) – 0.57 0.11

Table 3.B.3 – Line parameters towards W33A

Line
∫

TMBdV VLSR ∆V TMB Tcont rms
(K km s−1) (km s−1) (km s−1) (K) (K) (K)

p-H2O 211–202 14.17 (0.48) 38.53 ( 0.23) 18.82 (0.86) 0.71 0.3 0.06
5.96 (0.43) 37.48 (0.05) 4.58 (0.23) 1.22

p-H2O 202–111 11.73 (0.33) 37.14 (0.28) 23.27 (0.73) 0.47 0.25 0.07
8.97 (0.26) 38.64 (0.03) 5.12 (0.12) 1.64
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Table 3.B.4 – Line parameters towards G29.96-0.02

Line
∫

TMBdV VLSR ∆V TMB Tcont rms
(K km s−1) (km s−1) (km s−1) (K) (K) (K)

o-H2
17O 110–101 1.52 (0.11) 98.21 (0.20) 6.82 (0.44) 0.21 0.35 0.12

p-H2O 211–202 22.11 (0.31) 99.19 (0.01) 3.15 ( 0.21) 4.62 0.20 0.05
14.28 (0.19) 97.69 (0.23) 5.75 (0.03) 2.60

p-H2O 202–111 15.15 (0.39) 97.11 (0.05) 5.98 (0.17) 4.94 0.10 0.01
24.12 (0.15) 98.12 (0.01) 3.91 (0.04) 2.31

o-H2
18O 312–303 8.82 (0.05) 98.26 (0.02) 7.55 (0.06) 0.20 1.00 0.02

o-H2O 312–303 12.14 (0.22) 97.34 (0.04) 2.19 (0.16) 4.02 1.00 0.05
19.10 (0.13) 99.45 (0.01) 5.59 (0.03) 2.90

p-H2
18O 111–000 25.19 (0.17) 99.07 (0.05) 9.31 (0.18) 3.12 2.5 0.03

p-H2
17O 111–000 22.78 (0.09) 93.30 (0.08) 8.56 (0.20) 0.31 3.50 0.08

Table 3.B.5 – Line parameters towards G31.41+0.31

Line
∫

TMBdV VLSR ∆V TMB Tcont rms
(K km s−1) (km s−1) (km s−1) (K) (K) (K)

p-H2O 211–202 22.11 (0.31) 99.19 (0.01) 1.55 ( 0.21) 1.62 0.35 0.03
14.28 (0.19) 97.69 (0.23) 1.75 (0.03) 1.60

p-H2O 202–111 7.15 (0.39) 97.11 (0.05) 1.98 (0.17) 1.44 0.20 0.13
3.12 (0.25) 98.12 (0.01) 1.91 (0.04) 5.31
21.18 0.23) 99.45 (0.01) 1.59 (0.03) 4.90

Table 3.B.6 – Line parameters towards NGC7538-IRS1

Line
∫

TMBdV VLSR ∆V TMB Tcont rms
(K km s−1) (km s−1) (km s−1) (K) (K) (K)

p-H2O 211–202 32.11 (0.31) -56.98 (0.11) 8.15 ( 0.21) 6.62 0.20 0.14
14.28 (0.19) -57.89 (0.21) 5.75 (0.03) 3.60

p-H2O 202–111 45.15 (0.39) -56.83 (0.06) 6.98 (0.17) 5.94 0.10 0.03
12.12 (0.23) -57.52 (0.03) 3.91 (0.04) 2.31

p-H2
18O 202–111 7.43 (0.19) -58.67 (0.07) 7.52 (0.11) 0.23 1.75 0.11

o-H2
18O 312–303 8.82 (0.05) -39.26 (0.03) 7.55 (0.06) 0.21 2.50 0.02

p-H2
18O 111–000 5.19 (0.07) -56.07 (0.15) 9.31 (0.18) 0.29 2.35 0.06
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